Three genes from the TR region of pTilS955 were introduced into tobacco (Nicotlana tabecum L.) to direct the synthesis of the mannityl opines from hexose sugars and glutamine or glutamate. Opines were present in all tissue types tested and accumulated to levels of 100 to 150 micrograms per milligram dry weight in root, stem, and leaf tissues. Opine-producing plants appeared normal with respect to morphology and development. Transgenic plants grown for 60 days under sterile autotrophic conditions produced up to 540 micrograms of the mannityl opines per milligrams dry weight of tissue as root exudates. Opines were also detected in leaf and seed washes from soil-grown plants.
In nature, pathogenic strains ofAgrobacterium tumefaciens and Agrobacterium rhizogenes cause the proliferation of neoplastic tissue at wound sites on host plants (15) . These overgrowths result from the transfer and integration into susceptible plant cells of a specific region (T-region) of the Ti2-or Ri-inducing plasmid, harbored by the agrobacteria (15) . The T-DNA encodes functions catalyzing the production of cytokinins, auxins, and sets of novel carbon compounds known collectively as opines (15) . Most opine biosynthetic pathways condense nitrogen-containing amino acids with hexose sugars or carbonyl compounds, thereby diverting photosynthate carbon to opine production. Besides synthesizing opines, crown gall cells also exude these compounds into the surrounding growth medium (1 1, 12). However, only in the case of octopine and nopaline is exudation believed to involve a specific T-DNA-encoded gene product (12) .
To date, some 20 different opines have been identified that represent several structural groups (15) . The type of opine present in oncogenic plant tissues is specified by the T-DNA ofthe Ti or Ri plasmid harbored in the agrobacteria (15) . The inciting agrobacteria express specific Ti or Ri plasmid-encoded enzymes for utilization of the corresponding opines (14) . A is widely distributed among crown gall and hairy root overgrowths (14) . The structures of and proposed pathway for the biosynthesis of the mannityl opines is illustrated in Figure  lA . MOP and MOA are condensation products of mannose and glutamine or glutamate (20) . AGR is a lactonized derivative of MOP, whereas AGA is a spontaneous lactam of MOP (5) . Three ORFs, 24, 25, and 26, located in the TR-DNA of octopine-type Ti plasmids (2), corresponding to transcripts 2', 1', and 0' (5), are required for biosynthesis of the four mannityl opines in tumor tissue. Although the mannityl opines are produced in large amounts in tumor tissue (18, 20) , no T-DNA-encoded genes have been identified that are associated with their exudation (16) . Furthermore, although it is known that transgenic plants can produce these opines (3), the levels of accumulation and the exudation of these compounds from nononcogenic plant tissues such as root, leaf, and seed have not been described.
The conservation of the T-DNA-encoded biosynthetic functions and their corresponding specific Ti-or Ri-plasmid encoded opine catabolic systems has led to a theory, "the opine concept," which proposes that opines act as chemical mediators of parasitism between Agrobacterium and plants (14) . However, no ecological studies have tested directly whether plant tissues that exude opines constitute an environment in which the causative agrobacteria gain a selective advantage. In work reported here, we show that (a) the three genes, mas2, masi, and masO are sufficient for mannityl opine production and exudation; (b) that opines are present in all tissues and that accumulation has no noticeable effect on plant morphology and development; and (c) these plants exude opines from their roots, and opines are detectable in washes from leaf and seed.
MATERIALS AND METHODS Plasmid Construction and Plant Transformations
Plasmid pSaK5, produced by S.B. Hong in this laboratory, contains KpnI fragment 5 of pTil5955 cloned into pSa4 (19) . This fragment contains the entire TR region of pTil 5955 (2). The BamHI-KpnI TR fragment from pSaK5 was cloned between the unique BamHI and KpnI sites of pUCD2001 (7) , resulting in the T-DNA vector pMAS2. The insert includes TR, TC, and part of the TL-region of pTil5955 (2). An 
Genetic Analysis and Genomic Hybridization
Initial regenerants (RO) and Rl and R2 plants were allowed to self-pollinate and seed pods were collected before seed dispersal. Mature seed was removed axenically from surfacesterilized seed pods. The kanamycin resistance marker was assayed by the seedling selection method I described by Dunsmuir and coworkers (4). Where no selection was imposed on germinal seedlings, cosegregation ofthe opine and kanamycin resistance traits was determined as follows: first, a leaf of a seedling was used to determine the presence of the opines by HVPE analysis of tissue extracts as described above; second, coinheritance of kanamycin resistance was determined by transferring a second leaf to shoot regeneration medium (9) supplemented with kanamycin at 100 ,ug/mL. The kanamycin resistance trait was scored as positive for leaves in which green callus developed within 14 d. Total plant DNA was isolated from 2.0 g of leaf tissue and subjected to equilibrium centrifugation in CsCl-ethidium bromide gradients. Plasmid pMAS4 was isolated from bacteria by the alkaline lysis method and purified by centrifugation to equilibrium in CsCl-ethidium bromide gradients. Ten-microgram samples of digested genomic plant DNA per lane were fractionated by electrophoresis in 0.8% agarose gels and transferred to a Magnagraph nylon membrane (Micron Separations, Inc., Westboro, MA). The transferred genomic DNA was UV-linked to the membranes using a Stratalinker 1800 apparatus (Stratagene). The 6.4 kb Bg11I fragment from pMAS4 (Fig. 1B) was gel-purified with a GEL/X Extractor (Genex Corporation, Gaithersburg, MD) and labeled with a[32P]dCTP (3000 Ci/mmol from Amersham) by random oligonucleotide priming using the Prime-it kit (Stratagene). This fragment was used as an internal T-DNA probe and spans the entire NPTII structural gene, the cauliflower mosaic virus 35S promoter, ORFs 24 and 25, and 452 base pairs of ORF 26 (Fig. 1B) .
RESULTS
After agrobacterial transformation with pMAS4, 43 antibiotic-resistant shoots developed roots within 14 d after transfer to Murashige and Skoog medium containing 100 ,ug/mL kanamycin. Leaf tissue from 34 of the 43 antibiotic-resistant regenerants contained MOP, MOA, and AGA. Seventeen of these 34 regenerants also produced AGR (AGR+). Nine regenerants that appeared on kanamycin-supplemented medium did not contain any detectable opines (data not shown). Twenty-eight antibiotic-resistant, opine-producing RO plantlets were grown to maturity and allowed to self-fertilize. When evaluated for kanamycin resistance, R1 progeny from 22 of the 28 RO plants showed a segregation pattern of 3:1 (data not shown). RI progeny from four regenerants were evaluated for cosegregation of the mannityl opine and kanamycin resistance traits. In three of the regenerants, 1/14, 1/ 30, and 2/26, cosegregation occurred at a frequency of 1.0. Homozygous self-pollinated R2 plants of regenerants 1/30 (AGR-) and 2/26 (AGR+) bred true for both opine-synthesis and kanamycin-resistant traits (data not shown). Southern analysis of genomic DNA showed that the transgenic plants contained T-DNA inserts (data not shown). The pattern of hybridizing fragments in R I and R2 antibiotic-resistant progeny of 1/30 was identical to the primary regenerant. The 6.4 kb BglII probe failed to hybridize with genomic DNA from normal tobacco leaf tissue (data not shown).
Electrophoretic analysis of extracts from kanamycin-resistant RI progeny of regenerant 2/26 showed that the mannityl opines are present in root, stem, leaf, and all flower tissues (Fig. 2) . Self-fertilized RI progeny of regenerant 2/26 were estimated to contain from 100 to 150 Mg of the mannityl (Fig. 3A) . Line 2/26 also exuded AGR (Fig. 3A) (Fig. 3A) .
Seed and leaf washes were analyzed by HVPE to determine if the mannityl opines are exuded onto surfaces of transgenic plants grown in soil. Opines were detected in all of the sequential washes from seeds, although the greatest amounts were present in the first two or three rinse samples (Fig. 3B) . Extracts prepared from the washed seeds still contained detectable levels ofthe opine in addition to unidentified neutral, AgNO3-positive compounds. Opines also were detected in the leaf washes as well as in extracts prepared from the washed leaves (Fig. 3C) . Similar preparations from seeds and leaves of normal plants did not contain detectable amounts of opines. Electrophoretically neutral, AgNO3-positive compounds were detected in the extracts prepared from all normal and transgenic tissues and in wash fluids from seeds but not from leaves ( Fig. 3B and C (18) and 70 (20) (18, 20) . This is the first report showing exudation of opines of any type by nononcogenic transgenic plants. The opines are detectable in washes from surfaces of mature seed and intact leaves ( Fig. 3B and C) . The washes were nondestructive and each was done in less than 30 s, suggesting that the recovered opines are on the plant surface and are not being leached from the interior. The seed surface evidently contains large amounts of the opines. The source of the opines on the seed surface is not clear, but the opines may originate from maternal cells surrounding the seeds that lyse during seed maturation. Detection of the opines at high levels in extracts from seeds washed 10 times (Fig. 3B) indicates that these compounds are also present within the mature seed.
Our transgenic plants grown under sterile autotrophic conditions also exuded large amounts of the mannityl opines from their roots during hydroponic growth (Fig. 3A) . By our assay methods, the opines were detectable as a component of root exudate in the hydroponic medium after 10 d of incubation and continued to accumulate over the 60-d period of the experiment. It is possible that the accumulated opines originated from root cap cells. However, others (8) have shown that tobacco root caps yield less than 10 peripheral root cap cells, the lowest yield of the 28 species tested. In another study (1), normal plants grown in sand showed elevated levels of exuded organic substances as compared with plants grown in liquid. Thus, the levels of opines we observed in the hydroponic supernatants may underestimate the amounts that would be exuded from soil-or sand-grown plants.
Finally, the mechanism by which opines are exuded from plant cells is not known. Exudation of octopine and nopaline appears to depend upon the product of T-DNA gene 6a (12) . On the other hand, exudation of the agrocinopine opines apparently does not require additional T-DNA-encoded functions (1 1). Because pMAS4 contains only masO, masl, and mas2, it seems likely that exudation depends on mechanisms operative in the normal plant. What is clear, however, is that opines are present on the plant surface, and that these compounds now become components of the soluble plant exudates released on the phylloplane and the rhizoplane. We have constructed homozygous lines of mannityl opine-exuding plants. These plant lines currently are being used in root colonization studies to determine whether the mannityl opines can be used to foster a selective advantage to beneficial rhizobacteria engineered to catabolize the exuded opines as a carbon and energy source. 
